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Spin-orbit (SO) coupling has led to numerously exciting phenomena in electron systems.
Whereas the synthesized SO coupling with ultracold neutral atoms gives us an oppor-
tunity to study SO coupling in bosonic systems, which exhibit many new phenomena of
superfluidity and various symmetry breaking condensate phases. A richer structure of
symmetry breaking always results in a nontrivial finite-temperature phase diagram, how-
ever, the thermodynamics of the SO coupled Bose gas at finite temperature is still un-
known so far either in theory or experiment. Here we experimentally determine a novel
finite temperature phase transition that is consistent with a transition between the stripe
ordered phase and the magnetized phase. We also observe that the magnetic phase tran-
sition and the Bose condensate transition occur simultaneously as temperature decreases.
Our work determines the entire finite-temperature phase diagram of SO coupled Bose gas
and demonstrates the power of quantum simulation.
Superfluidity is a phenomenon known for century in physics but the study of superfluid-
ity still keeps producing novel physics. Recently SO coupling, which has played an important
role in recently discovered topological insulator 1, 2, has also been realized in ultracold degen-
erate gases 3–9. The SO coupled Bose gases are predicted to exhibit a host of new phenomena
of superfluidity. For instance, SO coupling leads to degenerate single-particle ground states,
which can result in a new type of stripe superfluid with spatial density order 10–13. SO coupling
can significantly enhance low-energy density-of-state that dramatically increases quantum and
thermal fluctuation effects and also magnifies interaction effects 14–19. The absence of Galilean
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invariance due to SO coupling yields unconventional behavior of superfluid critical velocity
18, 20, 21.
In this work we generate SO coupling in 87Rb Bose gases by two contour-propagating
laser beams as described in previous works 3, 6. In this setup only the motion along the spatial
direction of Raman laser (denoted by xˆ) is coupled to spin, and the single-particle Hamiltonian
along xˆ is given by (h¯ = 1)
Hˆ0 =
(kx − krσz)2
2m
+
δ
2
σz +
Ω
2
σx. (1)
We focus on the case with δ = 0 where the system has an additional Z2 symmetry (kx → −kx
and σz → −σz simultaneously). The single-particle dispersion is shown in Fig. 1(a). To
motivate our study of finite-temperature physics, we shall first summarize what are known at
zero temperature.
For Ω < Ω2 ' 4Er (Er = k2r /(2m)), there are two degenerate single-particle minima
denoted by ±kmin and their wave functions are represented by ψL and ψR, respectively, and
these two degenerate states have opposite magnetization. Due to this degeneracy, wave function
of Bose condensation should be determined by interactions in this regime. Theoretical results
11, 12 have shown that for interaction parameters of 87Rb atoms, the condensate wave function
is in a superposition state (ψL + ψR)/
√
2 for Ω < Ω1 ' 0.2Er and bosons condensate either
into ψL or into ψR for Ω1 < Ω < Ω2. For the former, condensate displays periodic density
stripe order and the spatial translational symmetry is spontaneously broken. For the latter,
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spatial transitional symmetry is not broken but the Z2 symmetry is broken, and condensate is
therefore magnetic. Experimentally, although the stripe order has not been directly imaged so
far, miscible to immiscible transition has been observed at Ω ' Ω1 3. Finally, when Ω > Ω2,
the single-particle dispersion only has one single minimum at zero momentum, and its wave
function denoted by ψ0 displays zero magnetization. A divergent spin susceptibility has been
observed at Ω = Ω2 6.
In short, as shown in Fig. 1(a), at zero temperature, the system will undergo two suc-
cessive magnetic phase transitions as Ω increases, first from non-magnetic stripe (ST) phase
to magnetized (MG) phase, and then from MG phase to non-magnetic zero-momentum (NM)
condensate. We remark that the ST phase at Ω < Ω1 and the MG phase at Ω > Ω1 are two
fundamentally different phases, since they exhibit very different behaviors in terms of magne-
tization, symmetry breaking and low-energy excitation spectrums. At zero temperature, phase
boundary between them is determined by interaction energy only 11, 12. While finite-temperature
phase diagram should contain richer physics due to the interplay between interaction effects and
thermal effects, it has not been explored either theoretically or experimentally so far. One ques-
tion is which phase will be more favorable as temperature increases. Three different sceneries
are presented in Fig 1(b), namely, ST phase first turns into MG phase before becoming nor-
mal phase (b1), or ST phase directly turns into normal phase (b2), or MG turns into ST before
becoming normal phase (b3). Another fundamental question is that in the regime where the
low-temperature phase is a MG phase, whether the spontaneous magnetization (Z2 symmetry
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broken) happens simultaneously with spontaneous phase coherence (Bose condensation) tran-
sition. If these two transitions occur in two different temperatures, exotic state can be expected
in the temperature window between these two transitions 22–24. In this paper we experimentally
explore these questions and also present our physical explanation.
First, we would like to determine the critical temperature Tc and address the transition
between normal Bose gas and condensate. A two-dimensional bi-mode fitting function with
dispersion of SO coupled bosons is applied to fit the TOF image (For detail, see Supplementary
Material). The temperature of the SO coupled Bose gas in the experiment is determined by
fitting the wing of TOF image, as shown in the lower part of Fig 2(a). The total number of
thermal atom Nth of the two spin states is also determined from the fitting. Meanwhile, the total
number of atoms N is obtained directly from counting atoms in the image. Thus, the number
of condensed atom is given by N0 = N −Nth. The condensate fraction f = N0/N is obtained.
For a given Raman coupling Ω, we plot condensate fraction f as a function of temperature T
for a range of small f , as shown in Fig 2(b). An empirical formula f(T ) = 1 − (T/Tc)α for
T < Tc and f(T ) = 0 for T > Tc is applied to numerically fit the data. Both α and Tc are fitting
parameters. The error bar of Tc is 3−5%, coming from the uncertainty of both our measurement
and fitting (For details of the error evaluation, see Supplementary Material). Also at Tc, the total
atom number N and the trapping frequency ω are recorded.
In Fig 2(c) we plot the ratio of Tc to the critical temperature T
(s)
c of single-component
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ideal gas with same experimental parameters, which is immune to the variation of the atom
number N and trapping frequency ω¯ in the experiment (see Supplementary Material). At small
Ω, the system is close to a two-component thermal gas and the density of each component
is half compared to single-component one, thus, if one ignores interaction effects, the ratio
Tc/T
(s)
c will drop to about (1/2)1/3 ≈ 0.79. While when Ω > Ω2, the dispersion has only one
single minimum, the spin of all atoms will be polarized along xˆ and the system will essentially
become single component with effective mass25 m∗ = mΩ/(Ω−Ω2). Thus at large Ω, |Tc|/T (s)c
increases toward unity. The red and blue curves in Fig. 2(c) represent the theoretical calculation
of Tc/T
(s)
c for atom number N = 1.0× 105 and 1.0× 106, respectively, with interaction effects
taken into account.
Furthermore, we can study the interaction shift of Tc. Experimentally, for each measure-
ment we can determine Tc and total number of atomsN . With atom numberN , trap parameter ω
and SO coupling parameters kr and Ω, the non-interacting critical temperature with trap T
(0)
c can
be calculated and then ∆Tc = Tc−T (0)c can be deduced. The experimental results of ∆Tc/Tc are
shown in Fig 2(d). ∆Tc is always negative since repulsive interaction decreases density. When
Ω < Ω2, we find that |∆Tc|/Tc increases from about 0.10 at Ω ' 0 to about 0.14 at Ω ' Ω2.
And clearly when Ω > Ω2, we find |∆Tc|/Tc decreases as Ω increases. The error bar of the
data is transferred from the Tc and the calculation of T
(0)
c . For comparison, we plot two theory
curves with different total atom numbers and trap frequencies, because in experiment the total
atom number and the trap frequency vary as Ω. These theory curves include both interaction
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effect with Hatree-Fock approximation and trap effect with local-density approximation, and
the detail of the calculation is given in Ref. 18, as well as in Supplementary Material. We find
reasonable agreements between theory and experiment. This result shows that the interaction
shift of transition temperature reaches a maximum around Ω2, where the single-particle disper-
sion changes from double minimum to a single-minimum and the low-energy density-of-state
is maximized.
Here, we turn to study the magnetic property of the SO coupled Bose gas. The magneti-
zation of the gas is defined as
Mi =
Ni,↑ −Ni,↓
Ni,↑ +Ni,↓
, (2)
Where Ni,↑ and Ni,↓ present atom number in | ↑〉 ( |mF = −1〉) and | ↓〉 (|mF = 0〉) states,
respectively. The index i = 0 (i = th) represents the condensate atoms (the thermal atoms).
Experimentally, we repeat our measurements for thousands of times and record the probability
of occurrence of different magnetization of the atoms to obtain the histograms for statistics.
Now we focus on the regime with Raman coupling strength Ω < Ω1 where the ground
state at zero temperature is predicated as a ST condensate. However, so far there is no di-
rect experimental evidence of phase coherence between ψL and ψR or direct image of stripe
order in the ST phase. In this work, we shall distinguish ST phase and MG phase by their
magnetic properties. Let us first consider a uniform system without domain walls. When the
single-particle spectrum has two minima for Ω < Ω2, ψL and ψR have opposite magnetization
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M0 = ±
√
16− Ω2/E2r /4. Therefore, for MG condensate, the many-body wave function for
condensate is either 1√
N0!
(aˆ†L)
N0|0〉 or 1√
N0!
(aˆ†R)
N0 |0〉, where N0 denotes total number of atoms
in the condensate. Thus, in the histogram of condensate magnetization, one expects two peaks
at M0 = ±
√
16− Ω2/E2r /4. While in the presence of magnetic domains, that both spin up
and spin down appear simultaneously while phase separated, the peaks will be smeared and the
distribution could be flat. For the ST phase, the many-body wave function for condensate is
given by
1√
N0!
(
aˆ†L + aˆ
†
R√
2
)N0
|0〉 = 1√
N0!
∑
m
cm(a
†
L)
N0
2
−m(a†R)
N0
2
+m|0〉. (3)
with cm =
(
N0
2
−m)!(N0
2
+m)!
N0!
. Each measurement projects the coherent state into a Fock state
(a†L)
N0
2
−m(a†R)
N0
2
+m|0〉with a probability c2m
N0!
, with a magnetizationM0 = 2m4N0
√
16− Ω2
E2r
. Since
c2m is a smooth function peaked at m = 0, the histogram of condensate magnetization should
also show a distribution centered at M0 = 0. Across a transition between ST and MG phase,
one expects that the statistics of M0 will behaves differently at the two sides.
In this regime we choose three different Raman coupling strengths Ω = 0.10Er (raw a),
0.15Er (raw b), and 0.18Er (raw c), and the histograms of condensate magnetization are shown
in Fig 3 for various temperatures below Tc. Just below Tc, when the condensate fraction is very
small (0 < f < 0.02), it is very clear from Fig. 3 (a1,b1) and (c1) that the histogram shows
two sharp peaks around M ≈ ±1. This evidence for the spontaneous Z2-symmetry breaking of
magnetization strongly supports that the condensate is not in the ST phase but in the MG phase
when the condensate first appears. As further lowering temperature, we find that the peaks at
8
M ≈ ±1 gradually decreases, and a board peak centered at M = 0 gradually develops. Finally
at low temperature when the condensate fraction f > 0.25, as shown in Fig. 3 (a6, b6) and (c6),
peaks at M ≈ ±1 completely disappear and a Gaussian-like peak develops around M = 0,
which is consistent with ST state in low temperature as analyzed above. Comparing three
different raws, we find that the closer to Ω1 is the Raman coupling, the lower is the transition
temperature from MG to ST. Roughly speaking, the transition from MG phase to ST phase
takes place when condensate fraction f ≈ 0.05 for Ω = 0.10Er, f ≈ 0.10 for Ω = 0.15Er,
and f ≈ 0.20 for Ω = 0.18Er, as indicated by dashed lines in Fig. 3. This supports that the
finite-temperature phase diagram should be of b1 type among three scenarios presented in Fig
1(b), i.e. as temperature increases, ST phase will first turn into a MG phase before becoming
normal state. This is reminiscent of transition from superfluid B-phase to superfluid A-phase
as temperature increases in Helium-3 26. And a more similar analogy is the magnetic transition
in undoped iron pnictide 27–29, in which the low temperature phase is a spin-density-wave that
breaks translational symmetry, while as temperature increases, it undergoes a transition to spin
nematic state which restores transitional symmetry but breaks a discrete symmetry, and then
turns into paramagnetic state at a higher temperature.
To more quantitatively determine the phase boundary, we plot
√〈M20 〉 as a function of f
shown in the Fig. 3(d). These plots all display a kink which we use to determine the location
of phase boundary. Thus our measurements put three points in the finite-temperature phase
boundary between ST and MG phases, corresponding to the condensate fraction (measured
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temperature) of f = 0.06 ± 0.02 (T = 126 ± 12nK) at Ω = 0.10Er, f = 0.09 ± 0.02 (T =
116± 10nK) at Ω = 0.15Er, and f = 0.22± 0.09 (T = 62± 27nK) at Ω = 0.18Er.
Furthermore, we also carry out the magnetization histogram analysis at the lowest tem-
perature of T < 20 nK with a condensate fraction f > 0.9. Zero-temperature theoretical calcu-
lations has determined the ST-MG transition at Ω ≈ Ω1 = 0.2Er 3, 12 and experimental evidence
of this transition has also been obtained in the lowest temperature 3. As shown in Fig.4, the
magnetization distribution for Ω < Ω1 shows a single peak around M0 = 0, while the central
peak gradually becomes flat and two peaks at M0 ≈ ±1 start to emerge when Ω > Ω1. The plot
of
√〈M20 〉 versus Ω in Fig. 4(b) displays a kink at Ω = 0.20± 0.02Er, fully consistent with the
known zero-temperature transition. This provides a benchmark of our finite temperature phase
boundary.
Thus, our measurements support the scenario that the phase boundary bends toward the
ST phase side, although more complicated scenario can not be completely ruled out. Here we
present a simple and quite general symmetry argument to explain why the MG phase is more
favorable than ST phase as temperature increases. Since ST phase breaks both phase symmetry
and spatial translational symmetry along xˆ, there will be two linear Goldstone modes located at
±kmin 30, as schematically shown in Fig. 5 insets. While MG phase breaks only one continuous
phase symmetry, there is only one linear Goldstone mode. For instance, if atoms condense in
ψR located at kmin, the spectrum behaves linearly around kmin, while remains quadratic around
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−kmin with a vanishingly small roton gap in critical regime 21, as schematically shown in insets
of Fig. 5. Thus the MG phase has larger low-energy density-of-state compared to the ST phase,
which means the MG phase can gain more entropy from thermal fluctuations and becomes more
favorable.
We then move to the regime with Ω1 < Ω < Ω2 where the ground state is the MG phase.
Here the low-temperature phase exhibits both Bose condensation which breaks U(1) phase
symmetry and spontaneous magnetization which breaks Z2 symmetry. The question is whether
these two different symmetry breaking occur at one single phase transition or two separated
phase transitions. This issue can be addressed in our experiment since condensate fraction and
magnetization can be measured simultaneously.
Here we choose Ω = 0.6Er and Ω = 3.6Er. As shown in Fig. 6(a), we find that when
condensate just starts to appear and the condensate fraction f < 0.05, the histogram graph
clearly shows two peaks located at condensate magnetization M around ±0.95 for Ω = 0.6Er
and M around ±0.55 for Ω = 3.6Er. Thus, even though we cannot unambiguously conclude
that there is only one single phase transition, at least it shows Bose condensation and magne-
tization occur in a very narrow temperature window. Unlike for Ω < Ω1, in this regime the
double-peak structure remains to lower temperature, which is consistent with the MG ground
states. While at the lowest temperature, the double peak structure is not profound for Ω = 0.6Er
(as shown in Fig. 4(a)). However no signature of phase transition as lowering temperature has
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been found (for details, see Supplementary material). The suppression of double peak structure
may be due to the formation of the “magnetic domains” in the system, that is, both spin up
and spin down atoms could stay in the trap while they are phase separated. This is because at
very low temperature, it requires longer time to reach global thermal equilibrium than in the
higher temperature. Therefore more domains will be formed at the very low temperature than
in the higher temperature. This is also consist with the experiment of Lin et.al 3 in very low
temperature.
However, there is another possibility whether magnetization will occur above condensa-
tion temperature, i.e. in thermal gases. To examine this possibility, the histograms of mag-
netization of thermal atoms are shown in Fig. 6(b). For each of the coupling strength (Ω =
0.1Er, 0.6Er, 3.6Er) and temperature range (T > Tc, T ≈ Tc), a single narrow peak at Mth = 0
is shown, which means that the thermal atoms are non-magnetic over large temperature range
across Tc and such a possibility is ruled out. Theoretically, spontaneous magnetization in ther-
mal gas is due to unequal interaction strength between different spin species. For 87Rb atoms,
the difference of the s-wave scattering length are tiny and the density of a thermal gas is very
low, it is consistent with theoretical expectation that the thermal gas for T > Tc will not display
magnetization.
In summary, we experimentally map out the finite-temperature phase diagram of a SO
coupled Bose gas of 87Rb atoms realized by Raman coupling scheme and determine several key
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features at finite temperature. These results demonstrate the true power of quantum simulation
to guide our understanding, enable us to reveal more interesting critical phenomena for phase
transition between two different types of superfluids. Our method can also be applied to similar
system with other atoms, such as Dysprosium, where the phase diagram maybe qualitatively
different. Moreover, both the equilibrium and the dynamical behavior of superfluidity in the
critical regime are intriguing subjects for future studies. These studies will greatly enrich our
knowledge of superfluidity with rich internal structures.
Methods
Preparation and Measurement.
The setup of this experiment is the same as in our previous work 6. The 87Rb atoms are
trapped and cooled in an optical dipole trap. A pair of Raman lasers with the wavelength of
λ = 803.2 nm and an incident angle of 105◦ in the x-y plane is applied to couple the internal
states of F = 1 manifold. A bias magnetic field B = 8.4 Gauss along z-direction is applied
to generate the Zeeman splitting. Here the quadratic Zeemen shift  = 10.14KHz, which is 4.6
times of the recoil energy Er = 2pi × 2.21KHz. It effectively suppresses |mF = 1〉 state and
SO coupling is generated between |mF = −1〉 as | ↑〉 and |mF = 0〉 as | ↓〉.
The SO coupled Bose gas at any finite temperature is prepared as following in our exper-
iment. A single-component Bose gas at |mF = −1〉 state is first prepared around 330 nK with
atom number of 1 ∼ 2×106 in an optical dipole trap. Then Raman lasers are adiabatically turned
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on, normally from 100 ms to 500 ms, which ensures that atoms are loaded into the lower-energy
dressed state with SO coupling. Contrary to the previous experiment where Raman lasers are
turned on when condensate is already formed, in this case, atoms are still thermal. At the same
time, further evaporative cooling is performed to lower the temperature for another 2 seconds,
followed by holding the trap depth for additional 500 ms to reach equilibrium.
For detection, the dipole trap and Raman lasers are switched off suddenly in 1µs, and the
atoms are projected back to the bare states (|mF = −1〉 and |mF = 0〉 states). A time-of-flight
(TOF) absorption image is taken after 24 ms, with a gradient magnetic field alone z-axis to
separate |mF = −1〉 and |mF = 0〉 states in vertical direction. The image resolves the spin and
the momentum distribution of the atoms simultaneously.
Heating rate of the dipole trap and the Raman lasers.
The limitation in the Raman induced spin-orbit coupling is the heating effect. This prevent
us to reach very low temperature and get high condensate fraction for large Ω. The heating rate
of the dipole trap is measured to be 18 nK/s, mainly due to the photon scattering and the intensity
noise of the dipole trap. The heating rate of the Raman lasers with δ = 0 is measured to be 180
nK/s for Ω = 1.0Er, which comes from the two photon process with momentum transfer. It is
about an order of magnitude higher than that induced by photon scattering.
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Figure 1: Zero-temperature phase diagram and three scenarios for finite-temperature
phase diagram for SO coupled Bose gas. a. Single-particle dispersion and zero-temperature
phase diagram as a function of Raman coupling Ω, which shows stripe phase, plane wave phase
and non-magnetic phase as Ω increases. b1-b3. Three different scenarios of finite-temperature
phase diagram in terms of Ω and temperature T .
Figure 2: Critical temperature Tc of spin-orbit coupled Bose gas. a. Spin-resolved
time-of-flight image of momentum distribution. At T = 63 nK, the population imbalance of
the condensate shows that it is in magnetized phase. b. Condensate fraction f as a function
of temperature T . c. Ratio Tc/T
(s)
c of the measured critical temperature of SO coupled Bose
gas to that of single-component Bose gas with same density. The experimental data are shown
by black squares with error bar. Two dashed lines correspond to 1 and (1/2)1/3, respectively.
d. Interaction shift of critical temperature ∆Tc/Tc, where ∆Tc = Tc − T (0)c , and T (0)c is non-
interacting critical temperature calculated for SO coupled Bose gas for same density and trap
frequency. The red and blue solid lines are the theoretical curves with atom number N =
1 × 105, trapping frequency ω¯ = 30 Hz and N = 1 × 106, ω¯ = 70 Hz, respectively. All the
error bars are the standard errors which transferred from the measurement of atom number N ,
N0 and temperature T .
Figure 3: Histogram of condensate magnetization for Ω < Ω1. (a-c). Evolution of
magnetization histogram as temperature is lowered (i.e. increasing of condensate fraction f )
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with Ω = 0.10Er (a1-a6), Ω = 0.15Er(b1-b6) and Ω = 0.18Er(c1-c6). Dashed line indicates
the “boundary” where the ”double-peak” at M = ±1 disappears. (d). √〈M20 〉 as a function
of f for Ω = 0.10Er (d), Ω = 0.15Er (e) and Ω = 0.18Er (f), respectively. The error bars are
statistic errors.
Figure 4: Phase transition between ST condensate and MG condensate at very low
temperature (a). Magnetization histograms with varying Ω for nearly pure condensate (T <
20nK). (b).
√〈M20 〉 as a function of Ω at T < 20nK, the error bars are the standard statistics
error transferred from the measurement. The fitting curve is applied to guide the eye.
Figure 5: Finite-temperature phase diagram of spin-orbit coupled Bose gas. Finite-
temperature phase diagram of spin-orbit coupled bosons, the error bars are transferred from the
measured f − T relation as Fig. 2(b). insets: Schematic low-energy spectrum for stripe and
plane wave phase.
Figure 6: Formation of magnetic order for Ω1 < Ω < Ω2. (a). Evolution of mag-
netization histogram as temperature is lowered (i.e. increasing of condensate fraction f ) with
Ω = 0.6Er, Ω = 3.6Er. (b). Evolution of magnetization histograms of thermal atoms with
temperature range cover across Tc at Ω = 0.1Er, Ω = 0.6Er and Ω = 3.6Er.
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Figure 2: Critical temperature Tc of spin-orbit coupled Bose gas
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Figure 3: Histogram of condensate magnetization for Ω < Ω1.
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Figure 4: Phase transition between ST condensate and MG condensate at very low tem-
perature
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Figure 5: Finite-temperature phase diagram of spin-orbit coupled Bose gas
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Figure 6: Formation of magnetic order for Ω1 < Ω < Ω2
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